The interaction of water with the single-crystalline rutile TiO 2 (110) surface has been the object of intense investigations with both experimental and computational methods. Not only is TiO 2 (110) widely considered the prototypical oxide surface, its interaction with water is also important in many applications where this material is used. At first, experimental measurements were hampered by the fact that preparation recipes for well-controlled surfaces had yet to be developed, but clear experimental evidence that water dissociation at defects including oxygen vacancies and steps emerged. For a perfect TiO 2 (110) surface, however, an intense debate has evolved whether or not water adsorbs as an intact molecule or if it dissociates by donating a proton to a so-called bridge-bonded surface oxygen atom. Computational studies agree that the energy difference between these two states is very small and thus depends sensitively on the computational setup and on the approximations used in density functional theory (DFT). While a recent molecular beam/STM experiment Proc. Natl. Acad. Sci. U. S. A. 114(8), 1801-1805 (2017)] gives conclusive evidence for a slight preference (0.035 eV) for molecular water and a small activation energy of (0.36 eV) for dissociation, understanding the interface between liquid water and TiO 2 (110) arises as the next controversial frontier.
The interaction of water vapor with the rutile TiO 2 (110) surface has been an intriguing topic, for both its importance as a model system and the controversy that has developed around it. TiO 2 is not only inexpensive and abundant but also has a vast number of applications that range from (photo-)catalysis to biomedical applications. The rutile (110) surface has been a focus of intense research interest for a number of years and can be now considered the prototypical oxide system in surface science. [1] [2] [3] This large body of work and the intricate insights that have resulted provide the opportunity to fully understand how water, arguably the world's most important chemical, interacts with an oxide.
In principle, the configuration of an isolated water molecule with a TiO 2 (110) surface is simple enough: the molecule will adsorb with its O end at a surface Ti atom ( Fig. 1 ). Since water undergoes hydrogen bonding, the water molecule will orient itself in such a way that one of its protons can "grab on" to an under-coordinated surface oxygen atom. On TiO 2 (110), these surface O atoms are two-fold coordinated to the lattice Ti underneath and commonly referred to as "bridging oxygens (O b )." The O atoms in-plane with surface Ti are co-ordinatively saturated and act only as a spacer. However, because they increase the distance between the adsorption site and the O b , they do play an important role in the current controversy: the separation between the O b and the water molecule is in the regime of weak hydrogen bonding as described in Ref. 4 , so the proton should either remain on the water molecule a) diebold@iap.tuwien.ac.at or two distinct hydroxyls should form: the so-called terminal hydroxyl at the Ti site (HO Ti ) and the bridging hydroxyl (HO b ). Whether or not this happens has been a hotly debated issue.
One of the first papers on water adsorption on TiO 2 , a photoemission study by Kurtz et al., 6 concluded that water is adsorbed molecularly at low temperature but dissociates when heated to room temperature. It is uncontroversial that the TiO 2 (110) surface exhibits only hydroxyls at ambient temperatures in vacuo, which is clearly attributed to defects: standard UHV cleaning procedures consist of sputtering and annealing cycles and produce vacancies in the rows of O b s (one such V O is marked in Fig. 1 ). At room temperature, a water molecule reacts with such a vacancy and forms two HO b s. This has been seen rather directly in several STM studies. [7] [8] [9] [10] In fact, already one of the first STM investigations on TiO 2 (110), published by this author, 11 probably showed hydroxyls, as the filling of V O s happens rather easily and inadvertently when the pressure in a UHV chamber is not good enough, which typically means that water vapor is present in the residual gas. With a unity sticking coefficient, 12 and a surface V O density of, say 10%, a dose of 0.1 Langmuir is sufficient to fill all vacancies. In other words, at a water partial pressure of 10 10 mbar, it takes about 15 min to convert each surface V O s into two bridging hydroxyl groups.
But how will a water molecule adsorb on a defect-free surface? Again, this is an issue that should be resolvable rather easily: One must produce a surface that is as close to perfect as possible and perform a TPD study to test for first-order desorption. Exactly this experiment was attempted by three separate groups early on. [12] [13] [14] Molecular water was observed to desorb somewhat below room temperature. (Recombination of the two HO b s formed at a V O results in a water peak at 500 K. 14 ) While the peak shape of the first water layer, in direct contact with the surface, resembled first-order desorption in TPD, the maximum moved from 295 K to 270 K with increasing coverage. This was attributed to an inhomogeneous surface and/or overlayer. 12, 13 Early preparation recipes 15 recommended annealing a reduced TiO 2 sample in an O 2 environment and cooling down in O 2 atmosphere in order to achieve a "perfect" surface; later STM studies 16 showed that such a procedure will result in a variety of incomplete surface structures that result from the reaction between the O 2 gas and interstitial Ti flowing from the bulk to the surface. More recent STM results clearly show that steps also will lead to water dissociation; 17 thus these early TPD studies likely were performed on morphologically inhomogeneous surfaces that offered various adsorption sites for water. These initial experimental difficulties were soon overcome, and how to reproducibly prepare TiO 2 (110) surfaces that have flat terraces and a controlled density of V O s is now firmly established. 1-3 While low-temperature STM of a waterexposed surface shows a distinct, bright feature on surface Ti rows, 7,8,10 suggesting molecular water, interpretation of STM results is often difficult without theoretical support. Density functional theory (DFT) calculations, however, started to produce conflicting results. For example, Lindan and Zhang 18 found dissociated water to be more strongly bound than molecular molecules and a coverage-dependent activation energy that prevented dissociation at low temperatures. In contrast, Harris and Quong 19 reported a slight preference for molecular water. DFT calculations of adsorbates on rutile (110) converge slowly with slab thickness, and the energetics show an evenodd oscillation with the number of TiO 2 layers. Contributing to the confusion were the photoemission-based studies, which showed surface OH groups in addition to molecular water. 20, 21 Reference 22 compares the results from various approximations (DFT, DFT+U, and dispersion-corrected), and a recent overview of water at interfaces 23 also gives a salient summary of water on TiO 2 (110). All these computational works agree in one aspect: the energy difference between the dissociated and the intact configuration is small. Thus, if the energetics were mapped out correctly, this system could serve as an important benchmark to test the various approximations that are inherent in all "ab initio" calculations and allow more accurate calculations of the all-important water/oxide interface. 21 The recent paper by Wang et al. 5 reports such a study: here low-temperature STM was combined with in situ dosing using a molecular-beam setup. This way, the energy of the incoming molecules can be adjusted without raising the sample temperature, which allows a quantitative determination of kinetic barriers. STM of TiO 2 (110) exposed to a small dose of water showed two types of features; to ascertain that these represent molecular and dissociated water, the authors resorted to tip manipulation 24 and supporting Tersoff-Haman calculations. The fraction of dissociated water molecules increased with the beam energy, and slight heating led to recombination. In this author's opinion, the carefully conducted experiment and convincing calculations presented by Wang et al. 5 have delivered the most decisive data currently available. Figure 1 summarizes the main result of this study. The conclusion, i.e., that water is slightly more favorable in molecular state and there is an activation energy to dissociation is in line with most reports in the literature: low-temperature STM studies will only see molecular water (unless the molecule is "smashed apart" when it comes in with high kinetic energy, this reaction path is modeled with ab initio molecular dynamics in Ref. 5) . Calculations seemed to converge towards a preference for the intact state, 23 albeit the energy difference between the molecular and the dissociated state is very small. Indeed it is small enough that a sizeable fraction of an overlayer will be dissociated at elevated temperature in a dynamic equilibrium; note that the photoemission studies in Refs. 20 and 21 were conducted around 200 K to prevent multilayer adsorption and that an ambient pressure/temperature XPS study also reported a large OH peak. 25 So, can the issue be put to rest, then? Yes and no: conclusive experimental data, and accurate modeling of one single and isolated water molecule is only the beginning. The next step is figuring out how liquid water interacts with this model surface. Again, the theory critically needs reliable experimental data for comparison, e.g., any step-by-step modeling of the molecular processes involved water splitting 26 relies on an accurate description of the structure at the water/TiO 2 interface. In a seminal study, 27, 28 the distance between O in the first layer of water, specifically bonded to the surface Ti atom, was mapped out, and a vertical layering was found. An STM study performed in liquid water reported weak lateral structuring to a local (2 × 1) periodicity within this first layer. 29 A residual (2 × 1) overlayer was also found in a UHV STM study after dipping the surface in liquid water 30 and assigned to the presence of molecular O 2 in the aerated water. It should be pointed out, however, that many organics 31 form a (2 × 1) structure on TiO 2 (110). From experience in this author's lab, it is extremely difficult to prevent contamination in a dipping experiment. This is also true for ambient-pressure XPS. 25 Indeed, studies by the Hines group 32 show formation of a full (2 × 1) overlayer that was attributed to bicarbonate that forms from CO 2 dissolved in water. The ball seems in to be back in the court of experimentalists to produce absolutely reliable and clean data of the rewarding, yet challenging water/TiO 2 interface. Support by the Austrian Science Fund FWF (Project Nos. F4507-N16 and Z 250-N27) and the European Research Council (Advanced Grant "OxideSurfaces" Project No. ERC-2011-ADG 20110209) is gratefully acknowledged, as are useful discussions with Gareth S. Parkison and Michael Schmid.
